Background: Biapenem, a carbapenem antibiotic, has been shown to have synergistic bactericidal anti-TB activity when combined with rifampicin both in vitro and in the mouse model of TB chemotherapy. We hypothesized that this synergy would result in biapenem/rifampicin activity against rifampicin-resistant Mycobacterium tuberculosis.
Introduction
In its most recent Global TB Report, the WHO estimated that 480000 new cases of MDR-TB, plus an additional 100000 cases of rifampicin-resistant TB, occurred in 2015.
1 MDR-TB is notoriously difficult to treat, in part due to the lack of new antibiotics. While the need for the development of new compounds/drugs is essential, repurposing of existing drugs has the potential for more rapid implementation in the clinic and thus is also of high priority. Recently, carbapenems, a class of b-lactam antibiotics primarily used for the treatment of infections caused by drug-resistant Gram-negative bacteria, have shown promise for use against mycobacterial infections.
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Traditionally, b-lactam antibiotics have not been effective against Mycobacterium tuberculosis, largely due to the presence of a highly active b-lactamase (BlaC). 8 However, carbapenems are unique in that they are poor substrates for BlaC and they target a broader range of transpeptidases, enzymes that catalyse the cross-linking of peptidoglycan residues. Specifically, carbapenems inhibit D,D-transpeptidases, which catalyse the formation of 4!3 transpeptide linkages, and also inhibit the non-canonical L,D-transpeptidases, which catalyse the formation of 3!3 transpeptide linkages. 3, 9 The L,D-transpeptidases Ldt Mt1 and Ldt Mt2 are utilized extensively by M. tuberculosis in the formation of its peptidoglycan network; 9, 10 furthermore, lack of these enzymes is associated with altered cell physiology and morphology and reduced virulence. 11, 12 Thus, repurposing carbapenems to target mycobacterial L,D-transpeptidases represents a highly promising alternative treatment strategy for MDR-TB with the clear potential for implementation in the clinical setting.
Many carbapenems are hydrolysed by human renal dehydropeptidase-I (DHP-I) and in practice must be coadministered with a DHP-I inhibitor. 13 Efforts to identify more stable carbapenems led to the development of biapenem, which is highly resistant to hydrolysis and thus does not require protection from DHP-I. 14, 15 Recent work by our group and others has demonstrated that biapenem has anti-TB activity, including activity against drug-resistant strains of M. tuberculosis; 5, 16 additionally, our group has found that biapenem is active in vivo against M. tuberculosis in the mouse model of acute TB. 17 As pharmacokinetic studies in healthy volunteers indicate that mycobactericidal blood concentrations of biapenem can be obtained with safe dosing, 18, 19 it is now imperative to advance our understanding of biapenem as an anti-TB drug, especially for use as a desperately needed agent against drug-resistant M. tuberculosis. Our objective was to further characterize the in vitro anti-TB activity of biapenem and to validate the in vivo anti-TB activity of this carbapenem in mouse models of TB (including drug-resistant TB) chemotherapy.
Materials and methods
All experimental work was performed at the Johns Hopkins University School of Medicine, Baltimore, MD, USA. Work with live bacteria and infected animals was performed in biosafety level 3 facilities.
Ethics
All animal procedures were performed as per protocol MO15M25 approved by the Johns Hopkins University Animal Care and Use Committee in adherence to the national guidelines.
Bacterial strains and growth conditions
Rifampicin mono-resistant M. tuberculosis strains 115R and 124R and their parent strain H37Rv were used in this study. Strains 115R and 124R were isolated and characterized by Rosenthal et al. as described. 20 Briefly, mice were infected with aerosolized cultures of M. tuberculosis H37Rv and rifampicin was administered once daily (5 days/week) by oral gavage for 8 weeks. Next, lungs were harvested and plated on Middlebrook 7H10 agar containing rifampicin as a selection agent. Two strains were isolated and labelled 115R and 124R. The MIC of rifampicin was 4 mg/L for 115R and 128 mg/L for 124R. Next, the rifampicin resistance-determining region was amplified and this DNA was sequenced. Strains 115R and 124R harbour point mutations in RpoB leading to L533P and S531L substitutions, respectively. All strains were grown in supplemented Middlebrook 7H9 broth as previously described. 5 
Drug preparation and administration
All drugs were purchased from Sigma. For in vitro experiments, drugs were first dissolved in water and then subsequently diluted when added to media. For in vivo experiments, drugs were dissolved in distilled water at concentrations to deliver the desired dose in 0.2 mL. Isoniazid and rifampicin were administered by oral gavage; biapenem was administered by subcutaneous injection. All drugs were prepared weekly and stored at 4 C, except biapenem which was stored at #20 C.
MIC, chequerboard titration assay and frequency of resistance to biapenem and rifampicin
The standard broth micro-dilution method 21 was used to determine MICs of biapenem, rifampicin and isoniazid against M. tuberculosis strains. In summary, each strain was grown in Middlebrook 7H9 broth under the aforementioned conditions to exponential phase and the suspensions were used to inoculate 10 5 cfu into each well (96-well plate) containing a drug at 2-fold dilutions ranging from 64 to 0.06 mg/L. Broth without drug, but inoculated with bacteria, was used as a positive control for growth while the broth alone served as the negative control. As per CLSI guidelines, 22 cultures were incubated at 37 C and evaluated for growth by visual inspection at 14 days. The MIC 90 was defined as the lowest concentration that inhibited growth by 90% compared with the no drug control. Data presented here are the average of two biological replicates. Chequerboard titration assays for rifampicin-biapenem combinations were performed as previously described 5 to determine the fractional inhibitory concentration index (FICI). Combinations were considered synergistic if the FICI was 0.5, antagonistic if the FICI was .4.0 and to have no interaction if the FICI was .0.5 to 4.0. The frequency of spontaneous phenotypic resistance to biapenem (80 mg/L) and rifampicin (10 mg/L) was determined on drugcontaining 7H10 agar as previously described. 5 
Animals
Female BALB/c mice (age 4-5 weeks) purchased from Charles River Laboratories were used in all experiments. The mice were housed in individually ventilated cages (up to five mice per cage). Room temperature was maintained (22-24 C) with a 12 h light/dark cycle. All infections were done via the aerosol route within a Glas-Col Inhalation Exposure System, as per the manufacturer's instructions using 10 mL of bacterial suspension. In all experiments, five mice per treatment group (and untreated control mice) were sacrificed at each stated time point. The mice were sacrificed by cervical dislocation under anaesthesia; lungs were dissected, transferred to sterile PBS, homogenized, and plated for quantitative cfu counts on 7H11 selective agar as previously described.
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Biapenem dose-ranging experiment in an early-phase acute infection model Mice were infected with an M. tuberculosis H37Rv suspension of A 600 0.2. Treatment was initiated 3 days after infection with one of the following regimens: (i) no drug, negative control, bacterial counts should increase throughout the experiment; (ii) isoniazid at 10 mg/kg, a positive control with bactericidal activity in this model; (iii) rifampicin at 10 mg/kg, a positive control with bacteriostatic activity limiting bacterial growth in this model; and (iv) biapenem at 10 different dosing schemes: 50, 100, 200, 300 and 400 mg/kg administered once daily (q24h) or twice daily (q12h). Treatment was administered daily (7 days per week) for 4 weeks.
Biapenem activity in a late-phase acute infection model
Mice were infected with an M. tuberculosis H37Rv suspension of A 600 0.2. Treatment was initiated 2 weeks after infection with one of the following regimens: (i) no drug, negative control, bacterial counts should increase throughout experiment and mice should become moribund by 4 weeks after infection; (ii) isoniazid at 10 mg/kg, a positive control with bactericidal activity in this model; (iii) rifampicin at 10 mg/kg, a positive control with bactericidal activity in this model; and (iv) biapenem at 200 mg/kg twice daily (q12h). Treatment was administered daily (7 days per week) for 4 weeks.
Biapenem activity in mouse models of rifampicin-resistant TB M. tuberculosis strains H37Rv, 115R and 124R were grown to exponential phase, and suspensions with an A 600 of 0.02 were prepared for aerosol infections. Treatment was initiated 1 week after infection with one of the following regimens: (i) no drug, negative control, bacterial counts should increase throughout experiment; (ii) isoniazid at 10 mg/kg, a positive control with bactericidal activity in this model; (iii) rifampicin at 20 mg/kg, a positive control with bactericidal activity in this model; and (iv) biapenem at 300 mg/kg twice daily (q12h). Treatment was administered daily (7 days per week) for 8 weeks. For this experiment, mouse lung homogenates were Biapenem activity against M. tuberculosis JAC plated on both plain and 0.04% activated-charcoal containing 7H11 selective agar plates to prevent any effects of drug carryover. 23 
Results

Biapenem exhibits activity in vitro against rifampicin-resistant M. tuberculosis
We recently observed in vitro synergy between rifampicin and biapenem against the M. tuberculosis reference laboratory strain H37Rv (FICI 0.24), 5 and this synergy was confirmed in vivo in the mouse model of acute TB, where biapenem alone and rifampicin alone exerted bacteriostatic activity against M. tuberculosis, but when co-administered were highly and rapidly bactericidal. 17 We therefore investigated if this dramatic increase in susceptibility to rifampicin in the presence of biapenem also occurred with rifampicin-resistant M. tuberculosis, specifically strain 115R with low-level rifampicin resistance and strain 124R with high-level resistance, as well as the parent H37Rv strain. 20 Again, we observed synergy between rifampicin and biapenem against strain H37Rv (FICI 0.28) ( Table 1) . While rifampicin and biapenem did not exhibit synergy in activity against the high-level rifampicin-resistant strain 124R, synergistic activity was observed for these two drugs against the low-level rifampicin-resistant strain 115R (FICI 0.15). Thus, in vitro, biapenem at concentrations well below the maximum serum concentration obtained in humans (17.35 or 32 mg/L following single intravenous doses of 300 or 600 mg, respectively) 14, 19 has activity alone against M. tuberculosis, and synergy with rifampicin that may permit activity of both drugs against lowlevel rifampicin-resistant strains.
In addition to the observed synergy between biapenem and rifampicin observed via the in vitro chequerboard experiment, we also found that the co-exposure to rifampicin and biapenem completely prevented the selection of M. tuberculosis strain H37Rv with phenotypic resistance (at 10 mg/L for rifampicin and 80 mg/L for biapenem) to these drugs (Table 2) . Under these experimental conditions, co-exposure to rifampicin and biapenem also completely prevented the selection of M. tuberculosis strain 115R with resistance to either of these drugs at the concentrations tested, while co-exposure of strain 124R to these drugs could not prevent bacterial growth at the concentrations tested.
Biapenem exhibits antimicrobial activity in mouse models of acute TB Our in vitro results indicate that biapenem should be evaluated for activity against rifampicin-resistant M. tuberculosis strains in vivo, in the mouse model of TB chemotherapy. However, the optimal dosing strategy for biapenem in this model is unknown. Therefore, we first assessed the in vivo activity of biapenem against M. tuberculosis in a dose-ranging experiment in a mouse model of earlyphase acute TB in which treatment was initiated 3 days after infection when the bacterial count in the lungs was 3.08 (standard deviation 0.14) log 10 cfu and the bacteria were actively replicating in the lungs. As expected, after 4 weeks of treatment the bacterial burden in the isoniazid-treated control mice decreased by approximately 1.5 log 10 cfu, and the lung cfu count in the rifampicintreated control mice increased, but to a limited extent compared with the untreated control mice (rifampicin has limited bacteriostatic activity in this infection model) 24, 25 ( Figure 1a) . Biapenem exhibited clear dose-dependent antimicrobial activity in the mouse lungs, with all biapenem dosing regimens as active or more active than rifampicin. Dosing twice daily resulted in greater antimicrobial activity for the same total daily dose; for example, 200 mg/kg twice daily was more active than 400 mg/kg once daily (Figure 1a) . Furthermore, any daily dose greater than 200 mg/kg prevented the formation of gross lesions in the mouse lungs ( Figure S1 , available as Supplementary data at JAC Online).
Although the anti-TB activity of biapenem was clearly established in the dose-ranging experiment, the data suggested that biapenem, similarly to rifampicin, was not bactericidal against such actively multiplying M. tuberculosis in the early-phase acute infection model in which the overall bacterial burden is relatively low. We therefore evaluated the activity of biapenem (200 mg/kg administered twice daily) in a mouse model of late-phase acute TB in which treatment is initiated 2 weeks after infection, when the bacterial burden is higher in the mouse lungs. As expected in this model, all untreated control mice were moribund and thus were sacrificed by 4 weeks after infection. Also as expected, both isoniazid and rifampicin controls exhibited bactericidal activity, with both drugs killing approximately 2.5 log 10 cfu in the mouse lungs after Biapenem exhibits antimicrobial activity in vivo against rifampicin-resistant M. tuberculosis
The positive activity of biapenem observed in the mouse models of acute infection further supported its potential as an anti-TB drug. We therefore moved forward to evaluate the in vivo activity of biapenem alone and in combination with rifampicin in mice infected with the low-and high-level rifampicin-resistant strains utilized in our in vitro experiments. BALB/c mice were infected by aerosol with each of the rifampicin-resistant strains (115R and 124R) as well as the H37Rv parent strain, and treatment was initiated 1 week after infection. In this experiment, biapenem was administered at 300 mg/kg twice daily, and rifampicin was administered at a high dose (20 mg/kg) to maximize exposure and the possibility to observe synergistic activity with biapenem against the rifampicin-resistant strains. In mice infected with the drug-susceptible H37Rv strain, isoniazid exerted bactericidal activity, as did high-dose rifampicin (Figure 2 ). We again observed that biapenem alone prevented bacterial multiplication, while biapenem plus rifampicin had bactericidal activity greater than either rifampicin or isoniazid alone. In mice infected with either of the rifampicin-resistant strains, rifampicin exhibited no antimicrobial activity (Figure 2) . Administration of biapenem prevented multiplication of both rifampicin-resistant strains to the same degree that it prevented multiplication of the H37Rv parent strain. However, the combination of rifampicin and biapenem was not superior to biapenem alone against either of the rifampicinresistant strains. Biapenem, alone or in combination with rifampicin, was able to prevent the formation of gross lung lesions ( Figure S2 ). Biapenem activity against M. tuberculosis
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Discussion
With the WHO estimating that in 2015 approximately half a million people were newly diagnosed with MDR-TB, 1 the need for treatment options effective against drug-resistant strains of M. tuberculosis is clearly critical. Here, we report that biapenem, a carbapenem antibiotic, has antimicrobial activity against M. tuberculosis, including rifampicin-resistant M. tuberculosis strains, both in vitro and in vivo, and thus has potential for repurposing as an anti-TB drug.
Our previous work demonstrated synergy between biapenem and rifampicin against M. tuberculosis H37Rv both in vitro 5 and in vivo. 17 In addition, cephalosporins were also observed to exhibit synergy with rifampicin against M. tuberculosis. 26 The apparent synergy between rifampicin and the b-lactam subclasses cephalosporins and carbapenems against M. tuberculosis was unexpected. We and others have recently speculated on the potential mechanisms for the synergy. 5, 26 Here, while we observed in vitro synergy between biapenem and rifampicin against lowlevel rifampicin-resistant strain 115R and its drug-susceptible parent strain H37Rv, these two drugs did not exhibit synergy against the high-level rifampicin-resistant strain 124R (Table 1 ). In the case of strain 115R, co-exposure to rifampicin and biapenem resulted in an 8-to 16-fold decrease in the rifampicin MIC, from 2-4 mg/L to 0.25 mg/L, which is the MIC of rifampicin for drug-susceptible M. tuberculosis. In the mouse model, the combination of rifampicin and biapenem exhibited synergistic activity against the drug-susceptible H37Rv strain only (Figure 2) . Importantly, biapenem alone exhibited similar activity against all three strains. Presumably, the exposures of rifampicin achieved in vivo were suboptimal for strains 115R and 124R to achieve the synergistic activity, as the high-dose rifampicin apparently had no activity against even the low-level rifampicin-resistant strain 115R. Understanding the nature of the observed synergy between rifampicin and biapenem thus warrants further investigation. Additionally, the 2-and 4-fold increases in MIC of biapenem for strains 115R and 124R were unexpected as the known mechanisms that confer resistance to rifampicin 27 and biapenem 28 are not known to be related. However, our observations are not unprecedented. An increase in MIC range of biapenem against drug-resistant M. tuberculosis was reported recently. 29 A similar observation was also made earlier for meropenem. 2 Another promising observation is that biapenem alone exhibited anti-TB activity across all infection models and against all M. tuberculosis strains evaluated. In TB treatment, drugs are always administered within a combination regimen, with different regimen components responsible for different anti-TB activities, including bactericidal activity against actively multiplying bacteria, bactericidal activity against slowly or non-replicating bacteria, and bacteriostatic activity to limit growth overall, preventing the selection of drug-resistant mutants. 30 Our data indicate that biapenem may be able to contribute to each of these activities depending on the state of the M. tuberculosis infection and the companion drugs in the regimen, further supporting additional investigation into how to optimize the use of biapenem as an anti-TB drug.
Recently another carbapenem, meropenem (co-administered with amoxicillin/clavulanate), was shown to have early bactericidal activity (defined as a decline in sputum cfu counts during the first 14 days of administration) in TB patients. 31 These emerging lines of evidence have kindled a wider interest in the use of b-lactam antibiotics and specifically carbapenems for use in TB treatment. Compared with meropenem, biapenem is known to be much more stable in the presence of human DHP-I, 15 and in addition, we have previously demonstrated that biapenem is a much more potent inhibitor of the target M. tuberculosis transpeptidase Ldt Mt2 than is meropenem. 17 Thus, it is possible that biapenem may even be more potent than meropenem against M. tuberculosis.
Due to interspecies differences in pharmacokinetics, experiments in mice are expected to underestimate the efficacy of carbapenems that may be obtained in humans. 4, 32 In mice, after a single subcutaneous administration (91 mg/kg) of biapenem, C max was 90 mg/L, but the elimination rate constant was 2 h. 33 To keep the concentration of biapenem above the MIC, continuous/prolonged infusion is a more relevant approach. 34 In contrast to mice, the bactericidal T .MIC target of 40% is readily attained in TB patients by administration of 2 g of meropenem every 8 h in combination with clavulanate, as illustrated by its impressive early bactericidal activity in a recent trial. 31 Being more potent than meropenem, biapenem may attain the desired 40% T .MIC target at lower doses administered less frequently. 35 Indeed, population pharmacokinetic/pharmacodynamic (PK/PD) model simulations indicate 600 mg of biapenem every 12 h would hit this target in plasma for virtually all patients infected with isolates with MIC 2 mg/L, 36, 37 which encompasses the MIC for biapenem in combination with clavulanate against our WT H37Rv strain. 5 The maximum serum concentration of biapenem in humans of 17.35 or 32 mg/L following single intravenous doses of 300 or 600 mg, respectively, 14, 19 is above the biapenem MIC against M. tuberculosis strains, including the two rifampicin-resistant strains 115R and 124R. Therefore, biapenem by itself has the potential to be active against M. tuberculosis, including rifampicin-resistant isolates. Available PK/PD data suggest that biapenem may provide clinical efficacy comparable to meropenem while requiring less frequent dosing, which would be advantageous for TB programmes. It is therefore relevant and timely to investigate the anti-TB activity of biapenem, in comparison with meropenem, and also in combination with other anti-TB drugs, to provide a more in-depth understanding of how biapenem may be best utilized in TB treatment.
